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Abstract

The interplanetary plasma and fields are affected by the degree of
disturbance that is related to the number and types of sunspots in the
solar surface. Sunspot observations were improved with the introduc-
tion of the telescope in the seventeenth century, allowing observations
which cover many centuries. A single quantity (sunspot number) was
defined by Wolf in 1848 that is now known to be well correlated with
many space observable quantities and is used herein to represent vari-
ations caused in the space radiation environment. The resultant envi-
ronmental models are intended for future aircraft and space-travel-
related exposure estimates.

Introduction

The cyclic variation of the number of sunspots was first observed by Heinrich Schwabe between
1826 and 1843 and led Rudolf Wolf to make systematic observations starting in 1848 (ref. 1). The Wolf
sunspot number R is an expression of individual spots and spot groupings, according to the relation
R =k (10 g + f) where f is the number of individual sunspots, g is the number of groups, and £ is an
empirical observational factor depending on site of observation and the individual observer. Apart from
the rather arbitrary nature of the Wolf sunspot number definition and the subjective observational factor,
the defined quantity has demonstrated success in its correlation to a number of solar observables. Wolf
also studied the historical record in an attempt to establish a database on cyclic variations of the past. He
established a cycle database to only 1700, although the technology and techniques for careful solar
observations were first available in 1610. Gustav Spoerer later suggested a 70-year period before 1716
in which sunspots were rarely observed as the reason for Wolf’s inability to extend the cycles into the
seventeenth century. Maunder would later suggest a period over which the Sun had changed modality
from a period in which sunspots all but disappeared from the solar surface, followed by the appearance
of sunspot cycles starting in 1700. Careful studies revealed the problem not to be a lack of observational
data but included references to negative observations (refs. 1 and 2). Adding to this understanding of the
absence of solar activity cycles were observations of aurorae, which were also absent at the same time.
Even the lack of a solar corona during lunar eclipses was noted prior to 1715 (refs. 1 and 3). Excellent
reviews of the solar cycle are given by Eddy (ref. 1) and Withbroe (ref. 3).

Modern evidence of a prolonged period of cessation of solar activity in the seventeenth century
comes from historical levels of the cosmogenic 14C observed in tree rings (ref. 4) and provides an even
older record on solar activity, as the rate of production is controlled (through the modulation of galactic
cosmic rays), in part, by solar activity (refs. 1 and 3). The 14C Jevels also depend on the geomagnetic
field strength and the solar particle event fluence, as well as on the dynamics of climate, and especially
the ocean’s solubility for 14C. One can conclude that the *C levels are consistent with a minimum of
solar cycle activity in the latter half of the seventeenth century and that there are also indications of
extended periods of even higher levels of solar activity in the past (refs. 1 and 3). Further evidence indi-
cates that known climatic variations also correlate well with the presence or absence of solar activity
cycles (ref. 3). Clearly, the apparent modern cyclic variation of the solar sunspot number is, at best, a
temporary phenomenon.

A modern understanding of sunspots starts with G. E. Hale (ref. 5), in which magnetic fields and
sunspots are linked. Hale suggested that the sunspot cycle period is 22 years, covering two polar
reversals of the solar magnetic dipole field. Babcock (ref. 6) later proposed a qualitative model for the
dynamics of the solar outer layers as follows: The start of the 22-year cycle begins with a



well-established dipole field component aligned along the solar rotational axis (fig. 1(a)). The field lines
tend to be held by the highly conductive solar plasma of the solar surface. The solar surface plasma rota-
tion rate is different at different latitudes, and the rotation rate is 20 percent faster at the equator than at
the poles (one rotation every 27 days). Consequently, the magnetic field lines are wrapped by 20 percent
every 27 days. After many rotations, the field lines become highly twisted and bundled, increasing their
intensity, and the resulting buoyancy lifts the bundle to the solar surface, forming a bipolar field that
appears as two spots, as displayed by the kinks in the field lines in figure 1(b). The sunspots result from
the strong local magnetic fields in the solar surface that exclude the light-emitting solar plasma and
appear as darkened spots on the solar surface (fig. 2). The leading spot of the bipolar field has the same
polarity as the solar hemisphere (fig. 1(b)), and the trailing spot is of opposite polarity (ref. 3). The lead-
ing spot of the bipolar field tends to migrate towards the equator, while the trailing spot of opposite
polarity migrates towards the solar pole of the respective hemisphere with a resultant reduction of the
solar dipole moment. This process of sunspot formation and migration continues until the solar dipole
field reverses (after about 11 years). The magnetic field of the spot at the equator sometimes weakens,
allowing an influx of coronal plasma that increases the internal pressure and forms a magnetic bubble
which may burst and produce an ejection of coronal mass, leaving a coronal hole with open field lines
(ref. 3). Such a coronal mass ejection is seen at the top of figure 3. Such holes are a source of the high-
speed solar wind. The fluctuations in the bundled fields convert magnetic field energy into plasma heat-
ing, producing emission of electromagnetic radiation as intense ultraviolet (UV) and X-rays (ref. 3). The
solar dipole field, through similar processes, reverses again at the end of the 22-year cycle.

The sunspot cycle affects the near Earth environment. The ability to project those effects into the
future depends on the ability to project the sunspot cycle to future dates and to establish correlations
with near Earth environmental quantities. So far, the ability to make such projections has been less than
successful. As noted by Withbroe (ref. 3), the 38 different predictions of maximum sunspot number for
cycle 21 covered the range of 30 to 203, for which one prediction was bound to agree with observation.

Not all historic sunspot data are of the same quality. It is generally agreed that a consistent set of
data has been derived since Wolf’s initiation of sunspot surveillance in 1848 (solar cycle 9 to the
present). Acceptable values are the observations between 1818 and 1847 (solar cycles 6 to 8), which
include the observations of Schwabe (as discussed in ref. 1). The quality diminishes before 1818 to the
earliest compilation of Wolf to 1700 (including solar cycles 1 to 5 and earlier cycles which have not
been numbered). Most cycle projections are based only on the numbered cycles (1755 to the present) or
only on those cycles following 1848 (solar cycle 9 to the present). Alternative prediction schemes have
been based on precursor models or statistical models. In the present report, we develop a statistical
model based on the accumulating cycle sunspot data to estimate future levels of cycle activity. After the
development of the cycle statistical model, we examine the coupling of the solar cycle model to space-
related quantities of interest to radiation protection.

Solar Cycle Statistical Model

Given the long history of failures in solar cycle forecasting by even sophisticated methods (ref. 3), it
is with some trepidation that we venture into the present study. The main hope for the present model is
that errors are self-correcting as cycle observations become available, and the assumption of extrapola-
tion from cycle to cycle is uncertain due to randomizing processes at the close of each cycle. This ran-
domization seems to be in the nature of past cycle variations, as will be shown in the present analysis.
Of course, this randomization at the close of each cycle will be a future obstacle in forecasting, unless a
fundamental understanding of the transition from cycle to cycle is developed.
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The monthly averaged sunspot number is shown in figure 4 for the years 1750 through
September 1996 (near minimum at the end of cycle 22). As one can see, the cycle has many maxima
and minima within each cycle, and the “solar minimum” and the “solar maximum™ are derived by long-
term averaging of the monthly sunspot numbers. The estimated dates for solar maxima and minima are
given in table 1, including those of the National Oceanic and Atmospheric Administration (NOAA)
Space Environmental Center. Cycle 1 is the first full cycle in the figure. The odd cycles have the solar
dipole moment aligned along the rotational axis, while even cycles are reversed. There is no immedi-
ately obvious pattern in figure 4 other than a general cyclic variation of the 10- to 13-year period, fluc-
tuating amplitude, differing minima, and variable shape. One could imagine that cycles 1 to 4 have
similarity to cycles 17 to 20, but the pattern is broken with the dissimilarity of cycles 5 and 6, in com-
parison with cycles 21 and 22.

In deriving a statistical model for solar cycle projection, we consider the possibility that the statisti-
cal populations depend on the orientation of the solar dipole moment. The distribution of the annual
averaged maxima of the even, odd, and all cycles is shown in figure 5. The distributions are similar,
with a slight shift of even cycles to smaller sunspot maxima. Greater differences between odd and even
cycles are seen in the annual averaged minima at the start of each cycle, as shown in figure 6. In this
case, odd cycles tend to shift to smaller minima. The cycle duration is nearly independent of the odd-
even population, as shown in figure 7. The sunspot minimum is correlated with the cycle maximum, as
seen in figure 8, although the scatter about the correlation line is somewhat large. The sunspot number
randomizes through the remainder of the cycle so that the succeeding solar minimum is not correlated
with the prior cycle maximum, as seen in figure 9. This tendency to randomize at the end of the cycle
also indicates the statistical independence of the odd and even cycle populations.

In developing the present model, we assume a difference between even and odd cycles and treat
them as two independent populations. Given the time of the prior solar minimum in the current
cycle 23, this time is estimated to be September 1996; we generate for each successive month an appro-
priate (according to even or odd cycle) population distribution and the associated cumulative frequency
spectrum. In this way, we calculate the percentile groups for each month after the cycle 23 minimum
and display those distributions through 2010 in figure 10. Data from the first nine months of cycle 23
are also shown in figure 10, as the filled circles, and are shown in expanded view in figure 11. The cur-
rent cycle is running above the 70-percentile group, as seen in the figures. These results depend on the
assumed solar minimum, which is not precisely known until well into cycle 23, as the minimum is
dependent on the long-term running average of the sunspot number, which cannot be determined except
in retrospect.

These results are used to project sunspot number into the future as follows: The current cycle sun-
spot number at each month is used to calculate the range of percentile groups that contain the current
cycle data. This calculation is illustrated in figure 12, where projections for the present solar cycle 23
are based on an assumed minimum in September 1996 (note: the minima and maxima are located on the
basis of long-term running averages). The mean percentile grouping of the current cycle is 82 percent,
with a standard deviation of 18 percent. Long-term projections based on the results of figure 12 are
shown in figure 13. In figure 13, we show the continuation, through part of cycle 24, of the percentile
groups for both monthly values and annual average sunspot numbers through 2010. One should bear in
mind that randomization will occur near the end of cycle 23, and the appropriate percentile grouping for
cycle 24 is independent of cycle 23 variations. Only an improved understanding of how the transition
from one cycle to the next is made will allow extrapolation with confidence across cycle boundaries.
Note that projections over more than one cycle introduce uncertainties not only in the future amplitude,
due to randomization near the cycle boundary, but also reflect uncertainty in the cycle duration. Hence,
the estimate of the next solar maximum and minimum is uncertain, in addition to the corresponding
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sunspot numbers. As cycle 23 progresses, we may continue to plot the monthly average sunspot num-
bers and estimates of the percentile group of the expanding cycle 23 observations. The beginning of this
process is shown in figure 13. Recall that only the first 9 months of data were used in making the projec-
tion, so that the next 12 months of data shown in the figure are a test of the goodness of the projection. It
appears that the current cycle will run its course in the high side of the uncertainty band and promises to
be one of the larger cycles yet observed. As the cycle progresses, the uncertainty in percentile grouping
could be contracted about the expanding current data through reanalysis of the current cycle percentile
group (similar to fig. 12) to better define future values within the remainder of the cycle. Adjustment of
the cycle 23 minimum may also be dictated by new data.

Because the time to achieve solar maximum is correlated to the percentile group, we may estimate
the time to the next solar maximum, as shown in figure 14. Hence, the next solar maximum is currently
projected to be in June 2000, with an uncertainty factor of 15 months. The corresponding annual
averaged-maximum sunspot number is expected to be 155, with an uncertainty of 26. The duration of
cycle 23 is similarly analyzed in figure 15, and the next solar minimum is expected to be in March 2007,
with 16 months’ uncertainty. The sunspot minimum in March 2007 is expected to be 11, with an uncer-
tainty of 3. The estimates of the cycle 23 maximum and the cycle 24 minimum values are given in
table 2.

Radio Flux Output

The energetic UV is important to atmospheric heating that results in an expansion of the atmosphere
to higher altitudes. Particles trapped in the Earth’s magnetic field at low altitudes impact the atmo-
spheric constituents, losing energy in the collision. The lifetimes of specific energy groups are partly
governed by this energy loss (especially at the altitudes below L of 1.25, a region of importance to low
Earth orbit operations) (refs. 7 to 9). The symbol L is the geomagnetic coordinate equal to the radial dis-
tance in Earth radii on the equator. Thus, the expansion of the Earth’s atmosphere is important to under-
standing the trapped radiation levels in low Earth orbit. The UV and X-ray outputs are correlated with
the 10.7-cm radio flux output F10.7. Radio output is then an important parameter relating to the trapped
radiations in low Earth orbit. The correlation of the 10.7-cm radio flux output, with sunspot number, is
shown in figure 16. This correlation does not depend strongly on the cycle number. Because the trapped
particles have lifetimes of many days to years, we will use the annual average radio output as one indi-
cator of environmental levels. While it is true that the inner zone radiations are mainly the result of
decaying albedo neutrons produced by cosmic rays in the atmosphere, which are correlated with neutron
monitor count rate (see next section), the particles are likewise affected by the interaction with the atmo-
sphere that determines their lifetimes. The atmospheric density is related to the radio output.

Galactic Cosmic Ray Modulation

Cosmic rays entering the solar system interact with the outward propagating solar wind, in which is
embedded the solar magnetic field. A solution of the Fokker-Planck equation was found by Parker
(ref. 10), in which the inward diffusion of galactic cosmic rays is balanced by the outward convection
by the solar wind. The density of cosmic ions within the solar system, assuming spherical symmetry, is
then related to the external density as

W(rR) = po(R) exp H V(r')dr'fD(r',R)} (1)



where LW(7,R) is the ion density at radial distance r and rigidity R (particle momentum per unit charge),
Uo(R) is the density in interstellar space, V(r) is the solar wind velocity, and D(r,R) is the diffusion
coefficient (ref. 11). The wind velocity and diffusion coefficient depend on the solar activity, and there
is a phase shift between sunspot number and modulation, as the wind generated at the solar surface dif-
fuses into the modulation cavity that extends far out into the solar system. A simplified version of the
diffusion model was implemented by Badhwar and O’Neill (ref. 12), in which the solar wind is held
constant at 400 km/sec, and the diffusion coefficient is taken as a function of time and is correlated with
the Mount Washington neutron monitor count rate. The diffusion was bimodal, with unique dependence
on the orientation of the solar magnetic dipole. Parker assumes an isotropic diffusion coefficient in
which the diffusion coefficient generally increases with radial distance as D(r,R) = DO(R)rs where s
(the exponent for the radial dependance of the diffusion coefficient) is found to be on the order of 0 to 2.
The above assumptions lead to

W(r,R) = ty(R) exp {—vo(rés—rl *S)/[(l - s)DO(R)]} )

where Vo, rg, and D,(R) are the wind speed, size of the modulation cavity (50 to 100 AU), and diftu-
sion coefficient at 1 AU, respectively. Equation (2) is used to scale the modulated flux at 1 AU to arbi-
trary distance. Modulation studies using various Pioneer, Voyager, and Interplanetary Monitoring
Platform (IMP) spacecraft show variability of s with the solar cycle for some restricted energy ranges,
but the gross behavior for all energies above 70 MeV is well represented by s = 0.5 (ref. 13), which we
assume hereafter.

The neutrons generated by galactic cosmic rays at the Deep River neutron monitor site (longitude
45° N, latitude 77° W, 145-m altitude) during cycles 19 and 21 are shown in figure 17 as a function of
sunspot number. The time delay between changes in the number of sunspots and modulation of the cos-
mic ray intensities is clearly apparent as a hysteresis in the correlation. There appears to be a reasonably
well-established pattern of count rate and sunspot number for these cycles in spite of the much higher
sunspot numbers of cycle 19. We have attempted to define a correlation function between the sunspot
number on the rising side of the cycle and a second correlation function on the declining side of the
cycle. The two correlation functions are bridged by three equal yearly steps, starting 1 year before solar
maximum. This correlation model is used in all odd cycles for which the solar polar field and rotational
axis are aligned.

The Deep River neutron monitor count rates for cycles 20 and 22 are shown in figure 18. The corre-
lation functions on the rising and declining sides of the even cycles are nearly cycle independent, even
though cycle 22 was substantially more intense than cycle 20. The transition from the rising correlation
function to the declining correlation function is made only 1 year after solar maximum is achieved. The
only exception to the correlation functions is during 1971 and 1972, when the decline of sunspot num-
ber was halted by an abrupt increase in sunspot number, during which time it seems that the dynamics
are a restart of a cycle before continuing the decline in 1973 and 1974. We have not attempted to model
such reversals, although such a model could easily be developed. The transition between cycles is made
in the year prior to solar minimum.

As a test on the correlation functions, we show in figure 19 the “predicted” Deep River neutron
monitor count rates using sunspot numbers in comparison with the measured values. In the figure we
have completed cycle 22 using data from Calgary (N51, W114, 1128-m altitude) and a correlation func-
tion between Calgary and Deep River, as the Deep River monitor was discontinued in December 1995.
With the exception of 1971 and 1972, as discussed above, the ability to project the Deep River neutron
monitor count rate from the sunspot numbers appears relatively accurate. Thus, the ability to project
sunspot numbers into the future will allow us to project the cosmic ray intensities with reasonable
accuracy.



In past statistical models, the mean of a particular subset of the cycles was used as a predictor of the
next cycle (ref. 14). The mean sunspot number, with a broad confidence interval, would be used in the
present analysis for crossing the cycle boundaries. A comparison of the Deep River neutron monitor
count rate based on this predictor method, as applied to even and odd cycles, is shown in figure 20.
Clearly, such projections, when no data on the cycle being projected are available, are often poor; better
methods for the transition to successive cycles are needed.

In the Badhwar-O’Neill model (ref. 12), the galactic cosmic annual fluence was evaluated for suc-
cessive solar maxima and minima since the maximum of solar cycle 19 in 1958. They have further eval-
uated the corresponding dose and dose equivalents for 0- and 5-cm depths in a water target shielded by
1, 3, 10, and 20 g/cm2 of aluminum by using the ICRP26 quality factor (ref. 15) and the HZETRN code
(ref. 16). We have evaluated the annual average Deep River neutron monitor count rate for each mini-
mum or maximum specified in the Badhwar-O’Neill model and use these values to interpolate the
Badhwar-O’Neill model to intermediate years. The corresponding dose equivalent rates using the
ICRP 60 quality factors (ref. 17) are shown in figures 21 and 22. The model predicts that cycle 23 will
provide a rather large maximum wherein reasonably low doses are received over an extended period.
On the other hand, cycle 24 exhibits a narrow maximum period over which doses are relatively large.
One should bear in mind that the cycle 24 predications in the present model are very uncertain due to the
randomization expected at the end of cycle 23.

Modulation of Atmospheric Ionizing Radiation (AIR)

Atmospheric ionizing radiation (AIR) results from the interaction of cosmic rays with the Earth’s
atmosphere. As the cosmic ray intensities are modulated by the solar activity, so are the atmospheric
radiations modulated with time. The AIR model version 0 is the parametric fit to data gathered by the
Langley Research Center studies of the radiations at Supersonic Transport (SST) altitudes in the years
1965 to 1971, covering the rise and decline of solar cycle 20. Scaling of the data with respect to geo-
magnetic cutoff, altitude, and modulation of the Deep River neutron monitor was found to allow map-
ping of the environment to all locations at all times, resulting in an empirically based model named AIR
model Version 0 (ref. 18). The basic data consisted of tissue equivalent ion chamber rates, fast neutron
spectrometer, and nuclear emulsion detection of nuclear reaction products in amino acids (gel). The
model was based on global surveys with airplanes and balloons. The latitude surveys by balloons and
aircraft are shown for the transition maximum and at subsonic aircraft altitudes of 250 g/cm2 in
figure 23. The curves in the figure are our approximation to the data and are given in terms of rigidity R,
atmospheric depth x, and Deep River neutron monitor count rate C in units of the maximum (7157) by

o(x,R,C) = f(R,C) exp (=x/A) = F(R,C) exp (—x/A) 3)
where
f(R,C) = exp (250/1)0(R,C) “)
F(R,C) = (A/M)F(R,C) exp (x,, /A —x,/h) (%)
and
A =Al1-9,,(R,C)exp (x,/M)/f(R,C)] (6)
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x,, = 50+ In{2000 + exp [-2(C — 100)]} @)

0.(R,C) = 0.17 +[0.787 + 0.035(C — 100)] exp (-R"/25)

+ {-0.107 - 0.0265(C — 100) + 0.612 exp [(C — 100)/3.73]} exp (—R2/139.2) ®)

0, (R,C) =023 +[1.1+0.0167(C - 100)] exp (-R*/81) o
+{0.991 +0.051(C - 100) + 0.4 exp [(C — 100)/3.73]} exp (-R"/12.96)

A = 160 +2R (10)

The neutron environment model is shown in figure 23 in comparison to experimental measurements.
The flux from 1 to 10 MeV is converted to dose equivalent and dose rates by using 3.14 uSV—(cmz/s)/hr
and 0.5 uGy—(cmz/s)/hr, respectively. These coefficients are based on older dosimetric relations, as
described by Foelsche et al. (ref. 19). The current estimates use the ICRP 60 quality factor (ref. 17),
which increases the neutron dose equivalent by about 55 percent, relative to the ICRP26 values.

Unfortunately, not all ion chamber data or all nuclear emulsion data were reduced. For our purpose,
we use argon-filled ion chamber data to represent the altitude, latitude, and solar cycle dependence of
dose from all components except neutrons, and we use the available tissue equivalent ion chamber data
as a guide. The argon-filled ion chamber data of Neher and Anderson (refs. 20 and 21) was compiled by
Curtis et al. (as mentioned in ref. 22) at the 1965 solar minimum (C = 98.3) in table 3 and the 1958 solar
maximum (C = 80) in table 4. We have augmented the table by Curtis with data from the work of Neher
and Anderson. Note that the low-energy GCR had not fully recovered in the summer of 1965, with the
result that the high-latitude ionization at high altitude is about 10 percent lower than that in 1954. Fur-
thermore, the 1958 measurements near solar maximum covered only at mid-to-high latitudes, and the
low-latitude data in table 4 are likely to be about 10 percent too high at high altitudes. The ionization
rates in tables 3 and 4 are the rates in air per atmosphere of pressure (directly related to the exposure unit
Roentgen). The atmospheric ionization rates are interpolated in altitude, geomagnetic cutoff, and solar
modulation and are directly converted to exposure units and absorbed dose in tissue. The comparison
with the tissue equivalent ion chamber requires the addition of the neutron-absorbed dose rates, and
good consistency between this method and the tissue equivalent ion chamber has been demonstrated
(ref. 18). Dose equivalent estimates require an estimate of the high LET components associated with
charged particles and are found from the measurements in nuclear emulsion, as shown elsewhere
(refs. 18 and 19). The corresponding average quality factor for the argon ion chamber dose is

0 = 1+0.35 exp (—x/416) — 0.194 exp (~x/65) (11)

This quality factor is to be applied only to the dose component derived from the argon ion chamber. The
approximate average quality factor, given by equation (11), was fit to data at high latitudes and high
altitudes and is a source of uncertainty elsewhere in the atmosphere. Note that Q, as given by
equation (11), declines to unity deep in the atmosphere where muons dominate the exposure as
expected.

In the present version of the model, we use the Deep River neutron monitor data where available,
predict the Deep River neutron monitor count rate by using known sunspot numbers when they are
available, and project sunspot numbers by assuming the appropriate percentile (82 percent for cycle 23)
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for future dates. A conservative projection for a future cycle, for which there are yet no data, should be
used in the sense that exposures would not likely be underestimated. This conservatism would use the
10-percentile group for the sunspot number. As cycle sunspot data are obtained, improved projections
can be made, as illustrated in the discussion of figure 11. The high-altitude exposures that use the
ICRP 60 quality factor in the atmosphere are shown in figure 24 by using the 82 percentile group for
projection.

Modulation of Trapped Radiations

The particles trapped in the geomagnetic field were modeled for data obtained during two epochs of
solar cycle 20 (the solar minimum of 1964 and the solar maximum of 1970), and best estimates of mag-
netic field coordinates were taken from current field models at the time of measurement (ref. 23). The
1964 analysis using magnetic field model IGRF-65/epoch 1964 resulted in particle population maps
AP8 MIN and AE8 MIN for trapped protons and electrons, respectively. The 1970 analysis using the
magnetic field model United States Coast & Geodetic Survey/epoch 1970 resulted in the particle popu-
lation maps of AP8 MAX and AE8 MAX. It was believed at one time that better estimates of particle
environments could be gained by evaluating the population maps defined on invariant Mcllwain coordi-
nates over current magnetic field estimates. This interpolation would, for example, contain the west-
ward shift of the south Atlantic anomaly observed in recent years by Badhwar et al. (ref. 24). However,
it was recognized by the Shuttle dosimetry group (ref. 23) that large errors resulted from such a proce-
dure, and it was concluded that the use of the particle population maps interpolated over the field model,
for which the population map was derived, would provide the best estimates of the long-term, orbital-
averaged particle environments, even though the westward shift is not represented. A comparison of the
Shuttle dosimetric results at various times in the last few solar cycles and model calculations is shown in
figure 25. The upper curve is for solar minimum (1964) and the lower curve for solar maximum (1970).
The triangles are interpolations that use the solar 10.7-cm radio output evaluated by Atwell et al.
(ref. 23).

Following the work of Atwell et al. (ref. 23), we have used the 10.7-cm radio output to scale the
trapped electron environments as a function of solar cycle. The rationale is that the outer zone electrons
are trapped through the magnetospheric tail and are lost after radial diffusion into the atmosphere near
the polar regions. The injection and the atmospheric loss are correlated with the radio output at 10.7 cm,
which is used herein as the appropriate interpolating function. The electron flux is assumed to be

fo(E) = £y in (E) exp (‘O‘eF 10-7) .

where f e.min (B ) is the electron flux at solar minimum and o, is evaluated by using AE8 MAX data
derived from cycle 20 measurements. In the model, we use the prior 15-month average of the 10.7-cm
radio output for F 107 - The proton environment has, as its source, the neutron albedo, and the losses
occur through atmospheric interaction. The proton environment is then proportional, in steady state, to
the source and the lifetime due to atmospheric interaction (ref. 25). The interpolation procedure is then
taken as the product of neutron monitor count rate and solar radio output at 10.7 cm. The proton flux is

then extrapolated as

Jp(E) = [, min (E) €Xp |:—(xp(DRNM F 10_7)} (13)
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where f

p.min (E) is the proton flux at solar minimum, and o, is evaluated by using the AP8 MAX data

derived from cycle 20 measurements. In the model, the quantity (DRNM F 10_7) is averaged over the

prior 15 months.

The electron and proton environment in the International Space Station (ISS) orbit of 51.6° inclina-
tion and at an altitude of 400 km is shown in figures 26 and 27. Figure 26 shows the electron flux at
three energies (0.5, 1, and 3 MeV), as a function of radio flux (W/m?2-s). The curves are found by inter-
polation, using a 15-month average of the radio flux data with assumed exponential dependence in
equation (12) and hysteresis results from the difference in averaging on the rising and declining side of
the cycle. The odd cycles are shown in figure 26(a), and the even cycles are shown in figure 26(b) for
the years 1955 to 2005. The outermost curve is for cycle 19, the largest observed cycle. The inner loops
of figure 26(a) are cycles 21 and 23. The even cycles, 20 and 22, are shown in figure 26(b). The inner
loop is cycle 20, for which the AE8 MIN and MAX database is derived. The extreme right is the AE8
MAX model and the extreme left is the AE8 MIN model. One can see clearly that most cycles require
extrapolation far beyond the cycle 20 data set. The proton flux is assumed to depend on the 15-month
average of the Deep River neutron monitor count rate and radio flux output with exponential depen-
dence, as given by equation (13). The results are shown in figure 27. The odd cycles are shown in
figure 27(a), and even cycles are shown in figure 27(b). The hysteresis now arises from the hysteresis in
the Deep River neutron monitor count rate as well as from the averaging over the ascending and
descending phase of the cycle. Cycle 19 is the outer most loop in figure 27(a), while cycles 21 and 23
are the inner loops. Cycle 20, for which measurements were made, is the inner loop in figure 27(b), and
the outer loop is cycle 22.

The time dependence is shown in figure 28. The electron flux is shown in figure 28(a) at the three
energies of 0.5, 1, and 3 MeV. The variation over time is largest for the 0.5-MeV data and reaches sig-
nificantly higher values for most cycles than does the AE8 MAX of cycle 20. The proton flux variations
are greatest for the lowest proton energies but are still significant at the highest energies. Again we
notice that much larger variations occur during most cycles, compared to the variation of cycle 20. We
emphasize that these results are tentative and will be tested against Shuttle measurements in the near
future.

Variations at zero inclinations are shown in figure 29. Although no precise comparison can be made
with the data on the geomagnetic equator of Huston, Kuck, and Pfitzer (ref. 26), a qualitative compari-
son can be made at zero inclination because the equatorial orbits oscillate about the magnetic equator. In
figure 29, the odd cycles have a narrower hysteresis loop compared to the even cycles; otherwise, they
cover similar dynamic ranges. Compared with the data of Huston, Kuck, and Pfitzer, cycle 22 in the
present model (outer loop in fig. 29(b)) covers a smaller dynamic range (about a factor of 4) than the
Huston, Kuck, and Pfitzer analysis (about a factor of 10). The loops of the Huston results are nearly a
factor of 8 for flux values on the rising cycle, compared with the flux values on the declining cycle at
the lowest altitude (L = 1.14). The present results are only a factor of 2 to 3. One can also note that the
Huston, Kuck, and Pfitzer result at the highest altitude (L = 1.2) shows no general decline over the
cycle, while the results in figure 29 show a general decline on the order of a factor up to 1.5 from solar
minimum to solar maximum.

Concluding Remarks

Even though little success in the past has been achieved in predicting the solar cycle variation, we
have developed a statistical model which has shown some promise in the first 21 months of cycle 23 and
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can be updated as the cycle progresses, allowing a convergence toward improved estimates as the cycle
progresses. There is still a problem in cycle projection from one cycle to the next because a
randomization process occurs at the end of each cycle. Only by a dynamic model based on some yet
unidentified observable factor will allow reliable predictions of successive cycle dependence. The pur-
pose of the current projection is to provide a basis of estimating exposures in future missions. The
uncertainties of such predictions are clearly large, and the effect of these uncertainties on future shield
design requires further study.
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Table 1. Sunspot Maxima and Minima for Cycles 1-22

[NOAA is National Oceanic and Atmospheric Administration. ]

Solar minimum Solar maximum
Solar cycle
NOAA Running average® NOAAP Running average®
1 1755.2 1755(7) 1761.5 1761(5)
2 1766.5 1766(2) 1769.7 1769(11)
3 1775.5 1775(7) 1778.4 1778(8)
4 1784.7 1784(5) 1788.1 1788(2)
5 1798.3 1798(4) 1804(1805.2) 1804(8)
6 1810.6 1810(8) 1816.4 1816(7)
7 1823.3 1823(1) 1830(1829.9) 1829(11)
8 1833.9 1833(10) 1837.2 1837(4)
9 1843.5 1843(10) 1848.1 1848(5)
10 1856.0 1856(2) 1860.1 1860(2)
11 1867.2 1867(2) 1870.6 1870(10)
12 1878.9 1878(8) 1883.9 1883(11)
13 1889.6 1889(5) 1893(1894.1) 1893(10)
14 1901.7 1901(8) 1905(1907.0) 1906(4)
15 1913.6 1913(2) 1917.6 1917(11)
16 1923.6 1923(5) 1928.4 1928(2)
17 1933.8 1933(8) 1937.4 1937(10)
18 1944.2 1944(2) 1947.5 1948(1)
19 1954.3 1954(2) 1957.9 1958(1)
20 1964.9 1964(10) 1968.9 1969(2)
21 1976.5 1976(2) 1979.9 1980(2)
22 1986.8 1986(2) 1989.6 1989(11)

#Values in parentheses denote the month,
bValues in parentheses denote uncertainty.

Table 2. Predicted Sunspot Cycle Parameter to End of Cycle 23

Statistical prediction

Parameters
Low end of range Average High end of range
Date of smoothed cycle maximum .............. March 1999 June 2000 September 2001
Smoothed sunspot number at maximum. ......... 129 155 181
Date of smoothed cycle 24 minimum .. .......... November 2005 March 2007 July 2008
Smoothed sunspot number at minimum .. ........ 9 11 14

12




*SJJ0IND J12UTEWOST puR sapnin[e Jo 9FURI SpIm B JOAO S3JRI UOTBZIUOT JO sajetn)ss apiaoid o) pajejodenxs ejep [ejuswiedxy,

001 0’8t £'79 0sL $'06 ¥'eo g'eo 9'C6 I'Té ¢'88 8’18 008 8'¢EL £'99 00°LT
001 00% 0’89 0'8L 06 0’86 0001 06 9'¢6 0'68 0S8 0C8 0sL 00L ITvI
001 009 0'LL 008 001 0’801 00TT 0°LOT 0’01 0cot1 0001 0’86 0Co 0S8 OL'TIT
14! 999 0'L8 ¢ITl (444! Levl Az 09¢1 8'6CT 8¢Sl (419! 0'svl 0Lel 9'LT1 '8
901 0sL 0'¢0l osel 0681 0'sol 0'80C | 0'80C | 0'80C | 080T | 080C | 080T | 0°S6l 0681 LTS
! 06 0'9¢1 0¢LT 00¢C | 0°6SC | 008C | 068 | 006C | 000¢ | 0COE | OO0I¢ | 0OCO0L | 000¢ 96T
! 06 ovel 0181 0v9C | 0°€8C | 000€ | 0'80¢ GCIc | 00ee | O'cee | 00FE | O'gee | 0'SCE L6'1
! 06 09¢l 0181 9 €T | 0'STE | toLe 8FPSe | 069¢ | 078 | P68 evor | 81V 14
! 06 09¢l 0181 099C | 0'86C | 0¢Cee | O'6bc | 099¢ | 0'€8¢ | 066E | OvIv | 00er | OVbb 9T’
! 06 09¢l 0181 099C | 0'86C | 0¢Cee | O6bc | 099¢ | 0'€8¢ | 066E | OvIv | 00er | OSHp 19
41! 0'S6 09¢l 0'I8T 099C | 0'86C | 0¢Cee | O6be | 099¢ | 0'€8¢ | 0668 | OFvIv | 00Ey | OSHv 0
701 00€ S¥C 00C 4! 0Cl 001 06 08 0L 09 0s oy 0¢ AD Y

—Jo ANEo\w ‘syydop J1e J10J ‘098~

£

_wo ‘sared uoj

(S961 UI £'86 = D) WNWIUIIA] JE[OS I8 ,SIQUEY)) PIIL]-U0STY £q PAINSEJ ATy UT $2Je3 UOHEZIUO] *€ [qRL

[AyprISx Jgono st y]



*SJJ0IND J12UTEWOST puR sapnin[e Jo 9FURI SpIm B JOAO S3JRI UOTBZIUOT JO sajetn)ss apiaoid o) pajejodenxs ejep [ejuswiedxy,

001 o £'09 9CL L8 06 06 I'68 S'L8 8’18 I'’8 v9L 0L 0'¢9 00°LT
001 6'LY 659 ovL 6'06 g'eo £'56 $'06 0’68 £r8 g'08 S'LL L'OL LS9 ITvI
001 9% L 0sL 786 [a! ['¢eor1 0001 0’86 86 L6 L06 0S8 8L OL'TIT
14! 09 L'8L 9001 OLIT 0'8IT 0cel 00C1 0611 0811 0'8IT 0CIT ¢eol 06 '8
901 0's9 £'88 0651 0091 00LT 8'ELT OvLI TSLT 0'8LI 0¢8I 0'6LT 0891 G291 LTS
! 8'8L 9’101 0'svl 0Lo6l 0'60C | 00¢T | O°LEC | 08T | 0'6EC | 00FC [ 0O'0OFC C'LET | 0°SET 96T
! 8'8L 8°L0T 0'svl 0Lo6l ¢CIC | 0'IeC | O'I¥C | O'SPC | 0CST | 0T9C | 0°¢9C [ 0'€9C | 0¥9¢ L6'1
! 8'8L 601 0'svl 0Lo6l celc | O'1¢€T | OTPC | O6¥C | 09SC | 0C9C | 0'S9C | 649C | O'V9C 14
! 8'8L 601 0'svl 0Lo6l 0°SIC | 0'¢eT | O¢vC | 00ST | OLST | OP9C | 0'€9C | 6¥9C | 99T 9T’
! 8'8L 601 0'svl 0Lo6l €9IC | 0°SeC | 0°e¥T | O'ISC | 0'8ST | 0'€9C | 0°L9C | 8'L9T | 9P9C 19
41! 8'8L 601 194! 0'L6l €9IC | 0°SeC | 0'e¥T | 0TS | 0'85C | 0'S9C | 0°L9C L9 | 9Y9C 0
701 00€ S¥C 00C 4! 0Cl 001 06 08 0L 09 0s oy 0¢ AD Y

—Jo ANEo\w ‘syydop J1e J10J ‘098~

£

_wo ‘sared uoj

[AyprISx Jgono st y]

(8561 UI 08 =) WNWIUTJ JL[OS I ,SIQUIEYD) PI[II-U0STY Aq PSSy 1Y Ul 9jey UOHLZIUO] "t S[qRL,

14



AR |

(a) Cycle start. (b) Cycle progression.
Figure 1. The Babcock solar cycle model. (Adapted from Withbroe, ref. 3.)

b

Figure 2. Full-disk white light image of Sun on November 26, 1996, showing sunspots and bright plage region in
midst of two spots on lower western limb. (Reprinted with permission of the Big Bear Solar Observatory,
www.bbso.njit.edu.)
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Figure 3. Coronagraph of Sun showing coronal mass ejection near solar maximum on April 14, 1980. (Reprinted
with permission of the University Corporation for Atmospheric Research, www.hao.ucar.edu.)
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Figure 4. Sunspot number database from 1750 to present. (Data provided by NOAA, www.sec.noaa.gov.)
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Figure 5. Cumulative frequency distribution of cycle maxima smoothed sunspot number.
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Figure 6. Cumulative frequency distribution of cycle minima smoothed sunspot number.
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Figure 7. Cumulative frequency distribution of cycle duration.
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Figure 8. Correlation of smoothed maxima of sunspot cycle with smoothed minimum.
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Figure 9. Scatter graph comparing smoothed minima of next cycle, with prior cycle maxima showing no correla-
tion between cycles.
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Figure 10. Solar cycle 22 data followed by population distributions of sunspot numbers for all even-numbered
cycles. First several monthly averaged sunspot numbers of cycle 23 are shown as data points.
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Figure 11. Ending of cycle 22 is taken as September 1996. First 9 months of cycle 23 are used to determine popu-

lation group of cycle 23.
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Figure 12. Percentile group of first 9 months of cycle 23 and cumulative mean value and statistical fluctuation.
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Figure 13. Projected cycle 23 sunspot number and statistical uncertainty. Also shown is new cycle 23 sunspot data
since projection was made. (Compare with fig. 11.)
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Figure 14. Predicted time to maximum of cycle 23 based on first 9 months of cycle 23 data.
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Figure 15. Predicted duration of cycle 23 based on first 9 months of cycle 23.
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Figure 16. Correlation of solar radio flux W/m?-s with sunspot number.
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Figure 17. Correlation of Deep River neutron monitor count rate, with sunspot number for cycles 19 and 21.
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Figure 18. Correlation of solar Deep River neutron monitor count rate, with sunspot number for cycles 20 and 22.
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Figure 19. Predicted Deep River neutron monitor count rate using actual sunspot number data and correlation
functions in figures 17 and 18 compared with measured data.

7500 —
Cycle 19 Cycle 20 Cycle 21 Cycle 22
s s %
.2 7000 —
~
=
]
o]
&)
3
o 6500 —
g
g
=
o
9]
S
£ 6000 —
=i
g
=
g
5 5500 — )
z — Using mean sunspot number
«  Deep River measurement y
= Deep River neutron monitor according to Calgary
5000 I I I I I I I I I I
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000

Year

Figure 20. Predicted Deep River neutron monitor count rate using odd and even cycle expectation values com-
pared with measured data.
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140 —
5
3 120 |-
S Aluminum
g 100 |- thickness
= Free space
3 1 g/cm2
=)
g)':;” 80 - <3 gfem
% 2
o 10 g/cm
5 00 o
%ﬁ 20 g/cm
9]
2 40+
=
=
2 20

0 | | | | | | J
1950 1960 1970 1980 1990 2000 2010 2020

Year

Figure 22. Annual average 5-cm depth dose equivalent behind aluminum shield of various thicknesses.
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Figure 23. Fast neutron flux (in range of 1 to 10 MeV) at transition maximum and at 250-g/cm2 depth, as a func-
tion of vertical cutoff rigidity R for various times in solar cycle and Deep River neutron monitor count rates.
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(b) Electron even cycles.

Figure 26. Solar cycle variation of electron flux in 51.6° inclination at 400-km altitude during odd and even cycles
for 1955 to 2005.
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(b) Proton even cycles.

Figure 27. Solar cycle variation of proton flux in 51.6° inclination at 400-km altitude during odd and even cycles
for 1955 to 2005.
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(b) Temporal variation of proton flux.

Figure 28. Time variation of electron flux and proton flux in 51.6° inclination at 400-km altitude for 1955 to 2005.
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(b) Proton even cycles at four altitudes.

Figure 29. Solar cycle variation of 100 MeV proton flux for odd and even cycles in equatorial orbit at various
altitudes. (The symbol r is radial distance; the symbol r, is radius of the Earth.)
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